For the production of ethanol from freshwater cyanobacteria, a new pretreatment method using supercritical fluid was introduced. In this study, it was found that the supercritical fluid could penetrate inside the cell wall and help to liberate starch from cyanobacterial cells which resulted in the increase of the efficiency of ethanol production. For Microcystis aeruginosa, supercritical fluid pretreatment increased the amount of ethanol produced from cyanobacteria from 1.53 g/L to 2.66 g/L. For Anabaena variabilis, the amount of ethanol was increased from 1.25 g/L to 2.28 g/L. With use of supercritical fluid pretreatment, the efficiency of the process to obtain higher ethanol yields from freshwater cyanobacteria was improved upto 80%. The optimum temperature and pressure conditions for supercritical fluid pretreatment were determined as the temperature of 40 o C and the pressure of 120 atm. This study demonstrates the feasibility of using supercritical fluid pretreatment for ethanol production using freshwater cyanobacteria.
Introduction
The use of fossil fuels such as oil, coal and natural gas is widely accepted as unsustainable due to depleting resources and the emission of green house gases. Bioethanol may reduce dependence on fossil fuels, and reduce greenhouse gas emissions, since carbon dioxide generated during ethanol combustion is much smaller than during the combustion of fossil fuels. In addition, unlike other clean fuels requiring additional infrastructure (i.e., fueling stations), bioethanol is supplied through conventional infrastructure (such as gas stations) and can thus be rapidly commercialized. 1 Due to these apparent advantages and also Bioethanol is a fuel extracted from vegetables or plants such as sugar cane or corn and is used alone or in combination with gasoline, as a car fuel. Therefore, bioethanol attracts being a renewable alternative to existing transport fuels, there is now an increased interest in commercializing technologies for ethanol production from inexpensive biomass.
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Bioethanol is a fuel extracted from vegetables or plants such as sugar cane or corn and is used alone or in combination with gasoline, as a car fuel. Therefore, bioethanol attracts considerable attention as a renewable energy resource along with biodiesel.
3 However, as bioethanol begins to emerge as an improved alternative energy, demand for raw materials such as corn, sugar cane or wheat is drastically increasing, causing a sudden rise in crop prices. As described above, large arable lands with excellent cultivation environments are disadvantageously required for efficient production of bioethanol. Nations lacking in arable land should develop reclaimed land through means such as deforestation in order to secure raw materials for bioethanol, disadvantageously causing problems such as secondary destruction of ecosystems. Moreover, supply of crops as raw materials for bioethanol disadvantageously increases production costs, and use of food crops for energy generation results in food shortages and thus increased crop prices. For this reason, cyanobacteria have been suggested as very good candidates for fuel production because of their advantages of higher photosynthetic efficiency, higher biomass production and faster growth compared to other energy crops.
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In recent years, increased eutrophication of domestic freshwater has brought about considerable acceleration of cyanobacteria growth. 8, 9 For example, in Korea, since cyanobacteria first appeared in the Soyang River in 1986, they have been increasing annually. 10 Since 1990, the river has taken on a bright green color in the summer and a great amount of cyanobacteria grow along the shores of the river, thus resulting in cyanobacteria scum. Cyanobacteria contain a mucilage material that blocks sand filters used in drinking water resource management plants and cause unpleasant odor and taste in the drinking water, thus being recognized as a representative summertime drinking water pollutant. More specifically, cyanobacteria blooms may cause a variety of damage such as pH increase of lakes, decrease in dissolved oxygen, suffocation of fish, foul odor, obstacles in filtering during water purification, etc.
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Under these circumstances, in an attempt to solve the above mentioned problems, there is an urgent need for methods for producing bioethanol using cyanobacteria exhibiting rapid growth. Although technologies for producing bioethanol from seaweed or marine cyanobacteria have been reported, a method for producing ethanol using freshwater cyanobacteria has yet not to be reported.
Supercritical fluid extraction is becoming an important tool in analytical science, and has been rapid development in the recent years. 11, 12 In this paper, supercritical fluid was tried to extract the starch in the cyanobacterial cell. This paper demonstrates that applying supercritical fluid to cyanobacteria substantially increased the efficiency of ethanol production from freshwater cyanobacteria. When the supercritical fluid is applied to cyanobacteria, it is necessary to keep the temperature of supercritical fluid as low as possible in order to prevent heat-labile polysaccharides from being destroyed due to heat, thus realizing economical ethanol fermentation. The present work uses supercritical fluid carbon dioxide at low temperature (i.e., 40 °C) close to a critical temperature, to prevent loss of polysaccharides due to heat.
Materials and Methods
Supercritical Fluid Pretreatment. Dried cyanobacterial cells were transferred to a pretreatment vessel in the supercritical fluid preatreatment system. The schematic diagram of the supercritical fluid preatreatment system is shown in Figure 1 . This system consisted of three sections; fluid delivery, pretreatment and pressure control. The fluid delivery section included a pump, which delivered liquid carbon dioxide. In the pretreatment section, cyanobacteria was treated with supercritical fluid in the pretreatment vessel. The pressure control section included a back-pressure regulator, which kept the pressure of a pretreatment vessel at a desired value. The detailed list of components of the system are given in the Figure 1 caption. The pretreatment was carried out by supplying the supercritical fluid carbon dioxide for 50 minutes, while maintaining a temperature of 40 °C, a flow rate of 3.0 mL/min and a pressure of 120 atm. As a result of supercritical fluid preatreatment, dried fine powders of cyanobacterial cells were finally obtained. The loss on drying method was used to measure moisture content in cyanobacteria. A sample of cyanobacteria was weighed and heated in an oven on the temperature of 80°C for 10 h. Cyanobacteria was delivered and cooled in the dry atmosphere of a desiccator, and then reweighed.
Hydrolysis. Both acid hydrolysis and enzymatic hydrolysis were used for converting polysaccharides in cyanobacterial cells into fermentable monosaccharides. Acid hydrolysis was performed at 100 °C for 30 minutes by adding a 1% (v/v) hydrochloric acid solution to the dried cyanobacteria, and the temperature was decreased to 25 °C. Then, the resulting cyanobacteria were neutralized with a 10% (w/v) sodium hydroxide solution, until pH reached pH 7.0.
For the enzymatic hydrolysis, cyanobacteria were hydrolyzed with three enzymes (α-amylase, glucoamylase, cellulase). α-amylase (Termamyl 120 L, Type L), glucoamylase (Spirizyme Plus FG) were purchased from Novozymes (Tianjin, China) and cellulosase (Celluclast) was purchased from Novozymes (Bagsvaerd, Denmark). Enzymatic hydrolysis was performed under several conditions including α-amylase at pH 5. Fermentation. The fermentation strain used was Saccharomyces cerevisiae. The strain was pre-cultured to prepare a 7% (w/v) suspension and the suspension was added to the neutralized cyanobacteria solution. The resulting mixture was thoroughly stirred and then fermented in a bioreactor at 33 °C for 3 days, to produce ethanol (C 2 H 5 OH).
Analytical Method. Reducing sugar was quantitatively analyzed by DNS (3,5-dinitrosalicylic acid) assay method developed by Miller.
13 DNS reagent was prepared as follows. 0.25 g of DNS and 75 g of sodium potassium tartrate were dissolved in 250 mL of 0.4 M sodium hydroxide solution. For the quantitative analysis of reducing sugar, 400 μL of sample was mixed with 4.0 mL of DNS reagent. The mixed solution was boiled at 100 °C for 10 minutes to develop the red-brown color. The absorbance of the red-brown solution is proportional to the concentration of reducing sugar in the sample. The absorbance was measured with a HUMAS (Daejeon, Korea) HS 3300 spectrophotometer at 570 nm.
Ethanol was quantitatively analyzed by gas chromatography (Model HP 5890 series II, Hewlett-Packard, USA). Gas chromatography was equipped with a packed column (Porapak-Q, 6 ft × 1/8 inch I.D.; 2.0 mm, Restek, Bellefonte, PA, USA) with a carrier gas of N 2 at a flow rate of 30 mL/ min. Oven temperature was held at 200 °C for 10 min and then programmed to 250 °C at a rate 10 °C/min. The temperatures of the injector and of flame ionization detector (FID) were 150°C and 200°C respectively. Ethanol peaks were observed in the range of 4.80 to 4.95 min.
Results and Discussion
Two kinds of freshwater cyanobacteria, Microcystis aeruginosa and Anabaena variabilis, which were obtained from Korea Research Institute of Bioscience and Biotechnology (Deajon, Korea) were cultivated by 50 L photobioreactor in the laboratory. The photobioreactor uses three fluorescent lamps as external irradiation, in which the degree of irradiation at the inner surface of the photobioreactor is 13,000 lx. In order to encourage the growth of cyanobacteria, cyanobacteria were artificially cultured using a culture medium in a laboratory, while securing appropriate nutrients and environmental conditions. The culture medium used in this work was an MA medium. The specific composition of the culture medium is shown in Table 1 .
The starch contents in the cyanobacterial cells were determined as 18.8% and 15.7% of the dry cell weight for laboratory cultured Microcystis aeruginosa and Anabaena variabilis, respectively. These starch content results agree well with those determined by other researchers.
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The starch in cyanobacteria which is deeply located in the cyanobacterial cell wall is present as white irregularly spherical form when it is photographed with microscope.
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Since the starch is tightly surrounded by the cell wall surface, 16 it is not readily saccharized by acid or base, as well as enzyme. In this paper, to overcome this problem, the supercritical fluid pretreatment was proposed and used. The supercritical fluid can penetrate inside the cell wall and help to liberate starch from cyanobacterial cells which results in the increase of the efficiency of ethanol production. The supercritical fluid pretreatment plays two significant roles in ethanol production from cyanobacteria; (1) it reduces the moisture content of cyanobacterial cells, (2) it increases the surface area and porosity of the cyanobacterial cells which can improve the efficiency of hydrolysis and fermentation operations.
First, the supercritical fluid can substantially reduce the moisture content of cyanobacterial cells while maximally protecting starch contained in a cellular wall of the cyanobacteria. The supercritical fluid used in this paper was supercritical fluid carbon dioxide. Table 2 shows the effect of supercritical fluid pretreatment on the moisture content of cyanobacterial cells. When Microcystis aeruginosa was pretreated using supercritical fluid carbon dioxide for 25 and 50 minutes, the moisture content was reduced from 7.77% to 6.25% and from 7.77% to 4.15%, respectively. When Anabaena variabilis was used, the moisture content was reduced from 7.83% to 6.27% and from 7.83% to 4.21%, respectively. The temperature of supercritical fluid was 40°C , the pressure was 120 atm and the flow rate was 3.0 mL/ min.
This drying phenomena is related to the ability of supercritical fluid to dissolve water. 17 It is known that supercritical fluid has an important property of dissolving water when it has high densities (0.2 to 0.5 g/cm 3 ).
18 Thus, water can be dissolved in the pressurized carbon dioxide supercritical fluid 19 and can be removed from cyanobacterial cells. The second role of supercritical fluid is to increase the surface area and porosity cyanobacterial cells. Microcystis aeruginosa was pretreated using supercritical fluid carbon dioxide for 50 minutes, and observed with a field emission scanning electron microscope (FESEM) (S-4300, Hitachi, Japan) (Fig. 2) . From Figure 2 , it could be observed that the supercritical fluid pretreatment changed substantially the micro-structures of cyanobacterial cells. After the supercritical fluid pretreatment, the cyanobacterial cells have structures of much smaller particles resulting in the increased surface area and increased porosity. To achieve the most efficient production of ethanol from cyanobaterial cells, it is important to find the optimum supercritical fluid pretreatment conditions. In particular, the pressure and temperature of the supercritical fluid are the two most important parameters to be optimized for the best ethanol productivity. To find the optimum pretreatment temperature, the temperature of supercritical fluid pretreatment was varied from 40 o C to 60 o C (Table 3) . At 40 o C, the best reducing sugar productivity was showed. The pressure of supercritical fluid pretreatment is also an important parameter since the pressure of supercritical fluid is related to its density and solvating power of water. To find the optimum pretreatment pressure condition, the pressure was increased from 80 atm to 140 atm at intervals of 20 atm ( Table 4 ). The reducing sugar productivity increases with increasing the pressure of supercritical fluid until the pressure reaches 120 atm. At higher pressures than 120 atm, the reducing sugar productivity decreases.
To obtain the best ethanol productivity, an adequate hydrolysis method with freshwater cyanobacteria should be found. Several hydrolysis methods were tried to find the best reducing sugar condition. Firstly, acid hydrolysis was performed using 1% (v/v) hydrochloric acid solution and secondly, enzymatic hydroysis using two enzymes, α-amylase and glucoamylase was performed. The enzymatic hydrolysis using these two enzymes was carried out by reacting α-amylase as a hydrolase with cyanobacteria at 90°C for 120 minutes, and reacting the resulting reaction mixture with glucoamylase as another hydrolase at 60°C for 480 minutes. As a result, the enzymatic hydroysis produced much higher reducing sugar than acid hydrolysis (Table 5) . Thirdly, adding of other enzyme, cellulase was also tried to find the best reducing sugar productivity condition (Table 5) . From Table  5 , the amount of reducing sugar obtained using the mixture of all three enzymes was higher than when using mixtures of two enzymes. Finally, enzymatic hydrolysate of freshwater cyanobacteria with supercritical fluid pretreatment and without supercritical fluid pretreatment were used for the fermentation experiments to produce ethanol. The fermentation strain used was Saccharomyces cerevisiae. In order to identify yield of ethanol produced in each fermented solutions, GC (Gas Chromatography) was utilized. The results of the fermentation of supercritical fluid pretreated cyanobacteria and non-pretreated cyanobacteria are shown in Table 6 . For Microcystis aeruginosa, the maximum ethanol concentration (2.66 g/L) was obtained after 24 h fermentation using hydrolysate of supercritical fluid pretreated cyanobacteria with the temperature of 40 o C and the pressure of 120 atm. In the meantime, without supercritical fluid pretreatment, only 1.53 g/L of ethanol was obtained from hydrolysate of cyanobacteria. For Anabaena variabilis, 2.28 g/L and 1.25 g/L of ethanol was obtained with supercritical fluid pretreatment and without supercritical fluid pretreatment, respectively. 
Conclusion
For the production of ethanol from freshwater cyanobacteria, a new pretreatment method using supercritical fluid was tried. It was found that the method of supercritical fluid pretreatment had a pronounced effect on the yield of ethanol from freshwater cyanobacteria. With use of supercritical fluid pretreatment, the efficiency of the process to obtain higher ethanol yields from freshwater cyanobacteria was improved upto 80%. This study demonstrates the feasibility of supercritical fluid pretreatment for ethanol production using freshwater cyanobacteria.
